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Adaptive Identification and Control

of Flow-Induced Cavity Oscillations

hi. A. Kegerise*

NASA Langley Research Center, Hampton, VA 23681

L. N. Cattafesta _ and C. Ha g
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Progress towards an adaptive self-tunlng regulator (STR) for the cavity tone problem

is discussed in this paper. Adaptive systeln identification algorithms were appUed to an

experimental cavity-flow tested as a prerequisite to control. In addition, a simple digital

controller a1_cla piezoelectric blmorph actuator were used to demonstrate multiple tone

suppression. The control tests at Mach numbers of 0.275, 0.40, and 0.60 indicated _ 7dB

tone reductions at multiple frequencies. Several different adaptive system identification

algoritlnm were applied at a single freestream Mach number of 0.275. Adaptive _ulte-

i_apuise response (FIR) filters of orders up to N = I00 were found to be unsuitable for

modeling the cavity flow dynamics. Adaptive lnfinlte-lmpnise response (IIR) filters of

comparable order better captured the system dynamics. Two recursive algorithms, the

least-mean square (LMS) and the recurslve-least square (RLS), were utilized to update

the adaptive filter coeeqclents. Given the sample-tlme requirements imposed by the cavity

flow dymnics, the computational simplicity of the least mean squares (LMS) algoritl_a

is advantageous for real-tlme control.

Introduction

HE flow over a cavil is characterized _ a com-
plex feedback process that leads to self-sustaining

oscillations at a discrete set of frequencies. Often,

these multiple "Rossiter modes" _3)erience significant
non-linear interactions and mode s_'itching. 1' "_ Cav-

i_" fows are of practical significance to aircraft with

weapons bays. Here, the large sound pressure levels as-

sociated with the flow oscillations (> 170 dB) can be

damaging to stores within the bay and can influence

the trajectory of released stores. Cavil" flows are also
of interest as an active-control testbed. The problem

is low-dimensional in the sense that only a few discrete
modes are to be controlled, and only a small number of

actuators and sensors are needed. This is in contrast

to more complicated active control problems, such as
turbulent bounda_ layer drag reduction, where the

p_'sics is infiniteb" dime_ional and large numbers of
distributed sensors and actuators are necessa_'.

Previous studies have cortsidered the active control

of cavity oscillations. Willianm et al., 2'3 ernpl_'ed

a simple analog feedback controller to demonstrate

multiple tone suppression at su_onic Mach numbers.
Controller parameters were tuned rnamm_" to opti-
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mize suppression. \\_file manual tuning of control

parameters is not of practical hrterest, the _x-periments

demonstrated the potential for feedback control. The

controller also provides for quick evaluation of different

actuator concepts. Cabell et al.4 used discrete-tinle.

linear quadratic control design methods for feedback

control of cavit? tones. The controller was suoce_-

ful in reducing the levels of multiple cavil tones at

Mach numbers ranging from 0.275 to 0.45. Control

performance w_s limited _" _xcitation of sidebmxts of

cavity tones, and the creation of new tones in the spec-

trum. These phenome_m have recent b" been anab'zed

_- Rowl_ _ et aLs and can, in part, be attributed to

com'ective time delays between the actuator input and

the output sensors (_]oically cavi_--wall pre.¢=sures). A
linear quadratic regulatorwas alsoused by Cattafesta

stal.6 forsinglemode resonanceat 10w Mach numbers

(< o._5).
An important lhnitationofstandard feedback con-

trol schemes is that the" cannot comlx_tsate for

changes in system d xammies. The system cl_Thaxnics

of cavil" flows change as flow conditions are altered.

There is also the question of whether system dsTmm-

ics change under the application of control. Either
case necessitates re-identification of the system dy-

_a_ics for control design. Adaptive controllers of-

fer promise to overcome the limitations imposed by
standard methods. The can adapt to changing flow

conditior_s, can provide automatic tuning of controller

parameters for optinaal perfornmnce, and have built
in system monitorhxg and fault tolerance. Adaptive

controllers have already been applied to the cavit?"

problem. \\'lllian_ et al. 7 employed an adaptive feed-
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Fig. 3 Sche_tlc of piezoelectric bhnorph actua-

tor assembly.

Piezoelectric Bi_aorph Actuator

In cavil" control, the objective of the actuator isto

prodtr_e a disturbance equal and opposite to the nat-

ural one produced _" acottsticfeedback. To meet this

objective, any actuator for cavil" control mttst meet a

certain set of requir_nents. The actuator mint have

a bandwidth as large as the nx_xinmm Ro_siter fre-

quean" of interest (_ 1 /cHz in the present case). The

requirements for the actuator amplitude response are

not Jmown a priori because the disturbance leve6 at

the shear-layer origin are not _pically lmo_aa. How-

ever, it is desired to have a response that can produce

a broadband disturbance rather than a single tone.

Final', the actuator should be situated such that it in-

troduces disturbances at the cave" leading edge where

the flow is most receptive. A flap-Dpe actuator pro-

vides a good balance between these requirenlents and

was thus chosen for the present work.

The flap-Dpe actuator is a piezoelectric bimorph

cantilever beam. Figure 2 shows the actuator h_talla-

tion in the wind-tunnel model. The tip of the beam is

coincident with the cavil" leading edge. The actuator

was designed with a structural d3a_nies model and

an opth_ization sdaerne. Given a desired natural fre-

quent', the design parameters are calculated such that

the target frequency is acilieved and tip displacenaent

is rmLximized. The target frequent for the present

actuator was 1500 Hz and the calculated DC gain was

0.25/_m/V. Further details of the design methodology

are be?-ond the scope of this work and the interested

reader can refer to the papers _" Cattafesta et aL 1°'11

Table 1 Design parameters of piezoelectric bl-

morph actuator.

Quanti_- Value

Shim length, tara 25.4

Piezo length, ram 17.8

Shim thiclmess, mm 0.89

Piezo thicJmess, rara 0.38

Shim width, ram 48.0

Piezo width, ram 48.0

A sdaenmtic of the bimorph actuator a_embly is

shown in Figure 3 and a listing of the design para-

meters is provklod in Table I. The eantilever beam

portion of the actuator was madlined from aimuinum.

The piezocermuic wafers (PZT 5H) were bonded to the

cwmtilever bemu with a non-conductive q)oo:y adhesive.

The actuator structure ml¢l c2mtilever bemn were elec-

tricalh" gromxted for safety re&sons. High voltage was

applied to the electrodes of the piezocermuic.s with iso-

lated copper flat lea& in a parallel configuration. A

fairhxg layer of Kapton was placed on the top surface

of the cantilever structure to provkle a smooth surface

for the incoming bounda_" layer.

A fiber-optic sensor was enlbedded in the front wall

of the cavity model to provide aJ1 in situ measurement

of the actuator displace_uealt. Due to physical con-

straints huposed _" the cavil" model design, it was

not p_sible to place the se_mor at the actuator tip.

h_stead, the actuator w_s located 4 rara from the tip

mid off.set 9 tara from the actuator centerlh]e.

The in situ measure_uent of displace_uent is hu-

portant for several reasons. The actuator frequency

response can be measured in wind-on and whxt-off con-

ditions. This memsure_uent will answer the question of

whether flow over the actuator surface changes the dy-

namic response. More importaaltly, the displacem_It

levelsn_Jsssa_" for suppression of cavil- tones can be

quantified. This information can then be fed back into

the design stage for future actuator generations.

Data Acquisition and Processhag

The data acquisition and processing syst_s are de-

scribed in this section. Depending on the purpose

of the cx'periments, three different data systet_s were

LLSed.

To measure the bhlaorph transfer function, the ac-

tuator was exalted with a chirp signal produced by a

function generator. The frequency of the dlirp sig-

nal was swept from 10 Hz to 2 kHz in 200 msec. The

signal was input to a high-voltage anlplifier with

a nominal gain of 100. The output of the amplifier was

applied to the bimorph actuator. The signals from the

function generator (input) and the displacement sen-

sor (output) were bandpa_ filtered from 1 H: to 4 kHz

and sampled at 10.24 kHz with a 16-bit A/D. The data

were subsequentb" proce,'_sed to produce esthnates of

the transfer function.

For the digital control e_-perhu_mts, the front-wall

pressure (error signal) was amplified to +10 V and

bandpass filtered from 1 H: to 16 /cHz, This signal

was sampled at 40 kHz with a 16-bit A/D card of a

dSPACE digital control system. The real-time con-

troller calculated the control signal once per time step

using a single-processor dSPACE DS1005 card that

utilizes a PowerPC7509 processor running at 480 MHz.

The digital control signal was converted to the analog

domain with a 14-bit D/A card. The control signal

was routed to a reconstruction filter (f_t = 16 kHz) to

smooth the zero-order hold sigaml from the D/A card.

3o_10

_LEPJCAN II_TITtYr1B (_ 2_PoONALTTIC_J AND 2-_STPJ[]NAUT1CT_ PAPBR 2002--315S



10 _

_E 10°

10 _I
10-_L

0 500 1000 1500 2000

frequency (Hz)

.\-50

-100 r wind-off

_-150 -- M --0.275, q =6,gkPa
M =0.40, q, =13.8 kPa l_

_20_1i __ M_=O,60. qT _=13SkPa _,J k ._.,_, .

% 500 1000 1500 2000

frequency (Hz)

Fig. 6 Frequency response function of the piezo-
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Fig. 7 Digital galn-delay feedback controller.

A schematic of the feedback controller is shm_an in

Figure 7. The prh_ta_ component of the controller
consists of a gain-delay compansator that w_ pro-

grammed in SIMULINK and converted to compiled
code that rum on the dSPACE DS1005 card. The

sample time for the controller w_ 25 #see. The com-

pensator processes the "error" signal (from-floor pres-

sure) as follows. The error signal is passed through a

bank of digital bandpass tilters (4th-order elliptic fil-

ters). Each filter is centered on a particular Rotifer

mode. The signals from the digital falters are then

passed through a delay of _z samples and a gain a ZC.
Note that these values are di_erent for each Ro_iter

mode. Final', the resulting signals are summed and

output from the clSPACE _'st_m via the 14-bit D/A

card. The parameters of the gain taxi delay blocks are
tuned manually to minimize some performance mea-

sure. In the present c._e, the rear-wall pressure sensor

was considered to be the performance measure and

the compensator parameters were adjusted to mini-

mize the tonal levels of each Rossiter mode bing within
the actuator bandwidth. It should be noted that this

_l_e of controller is not new. Recently, Williams e_

al. s'3 utilized this controller (in both the analog and

digital domain) for cavit3" control studies. The gain-

delay comp_lsator was also used for feedback control
of impinging-jet resonance 13 and vort_ shedding from

a _'linder in cross flow. _4

T)loicai control results for three test conditions are

sho_aa in Figures 8, 9, and 10. The plots present

O-

rn

140

135

13C

125l

12C

115

110

, T

-- No Control

[--. Control

,/ i i_

,i 6 L i

500 1000 1500 2000

frequency (Hz)

Fig. 8 Control performance at M_ = 0.275.

150

145

140

o=
c,i 135

_ 130

r/3

125

120

J

-- No Control

Control

500 1000 1500 2000

frequency (Hz)

Control performance at _/o_ = 0.40.

o_
c_

O3

155 I

1501

1451/, ,_

;
130 ' _,_" _

125

120 _

__. No ControlControl

i

k,

0

Fig. 10

500 1000 1500 2000 2500

frequency (Hz)

Control performance at M_ = 0.60.

5o_10

A.I,,mPJCA_ I_3TrTLrr_ O_ A_RO_TALrrlc,_ AND A,STRO_AIYTIC,_ P.-xP_R 200_-3158



"r

-101

25

15 m=3 m--4

1005 m=2

-5

-15

-2b_00 1000 1500

frequency (Hz)

Fig. 12 Measured transfer ftmctJon naagnltude be-

tween actuator input a2,d rear-wall pressure.

An hnportant i_sue in adaptive control is that all

computatious must be completed within the sampling

interval. The sampling interval is dictated _ the

frequent" content of the proc_s to be controlled. Ac-

cording to the Nyquist criterion, the sampling rate

must be at least twice the highest frequent" of in-

terest, in the present case of cavil" flow control, a

sampling frequcr_cy of 5.12 kHz is desirable (sampling

time of 195.3/_see). The turnaround time. T_, is de-

fined as the time required to perform all the n_sary

calculatiorrs for a partiodar algorithm. Obviousb', this

must be smaller than the sample time, Ts. Further, the

turnaround time a._sociated with system identification

should be somewhat less that the sample time to allow

for the computatious needed _" the adaptive control
scheme.

The system identification algorithms were applied to

a single flow condition (2V/o_= 0.275). This flow con-
dition is attractive because there are three Rossiter

modes within the actuator bandwidth and therefore

offers the greatest challenge to the identification aN

gorithms. The actuator was driven with bandlhnited
(500-1500 Hz) colored noise (as described earlier) and

the wall-pressure sensor signals were acquired. Prior to

running the algorithms, input-output time series were
recorded and the transfer function between then1 was

calculated. Th_ calculation was performed with stan-

dard FFT-based methods applied to 1024 point blocl_,
a Harming window with 50o/o overlap, and 160 block

averages. The result will be compared to the transfer

functious identified by the adaptive algorithm in the

following discussion. The tramfer function magnitude

between the input and output (rear-wall pressure) is
shown in Figure 12. The figure is annotated to show

the peal_ associated with Rossiter modes m -- 2, 3, 4.

The large gain in the viciniD" of 1200 Hz is due to

the actuator _T_unics. The magnitude of the trarLsfer

fur_ion outside of the 500-1500 Hz barKl is meaning-

less since there is no input.

Adaptive FIR Filter Results

Results for tim FIR-LhlS algorithm are sho_]l in

Figxtres 13a and 13b. The filter order for the data
sho_x11 is N = 100. The turnaround time of tlKs al-

goritlnn and filter order was 64 _tsec. Time series of

the system output (rear-wall pressure) and the adap-

tive filter output are shmxTn in Figure 13a. The error

between thesn, d(n) - y(n). is also shown. A.s seen

ha the figure, the error between these two sigalals is
significant.

The coefficients of the aclaptive filter vary somewhat
over thne. and so the "_stantaneous" trmlsfer func-

tion varies with thne. However, the coefficients vary

about well defined mema values, suggesting some level

of time invariance in the process. It is of interest then

to comider whether the coefficients of the filter repre-

sent a trza_sfer function that is, in an average sense,

the measured transfer function of the system. To tl_s
eigl. the transfer function obtained from the filter coef-

ficients at each time step was block averaged (in total,

2048 averages were used). The results are shm_3a in

Figure 13b. A.s observed ha the _ure. th/s average

trmlsfer function i.s not a good representation of the

system dylmmic_.

Results for the FIR-RLS algorithan are shown in Fig-
ure 13,= and 13d. The ma.xinlmn filter order in this case

was limitod to N = 20, with a turnarotnxt time of 136

/xsec. It is clear that the computational requirements

for the RLS algorithm are higher than for the LhIS

algorithm. This lower-order filter does a poor job of

ident_ing the system dszmmics.

Adaptive IIR Filter Results

Results for the adaptive IIR filters are sho_n in Fig-

ure 14. Adaptive IIR-LhlS equation-error results are

sho_Tn in Figure 14a and 14b. Here, the order of the

moving-average coefficients was M = 60 and the order

of the auto-regressive coeffickmts was N = 100. This

filter does a good job of ident_ing the system d3Tmm-
ic_ in both the time and frequency domairLs. As seen in

Figure 14b, the transfer function of the adaptive filter
matches the measured transfer function in the vicim_"

of the Rossiter modes. The d_Tmmics in the vicini_"

of the actuator natural frequent are, however, poor b"
matched. It is of interest to note that the turnaround

time for this algoritlnn was 85 #sec. Thus, relativeb"

high-order filters can be used while leavhlg computa-
tional resources for controller calculations.

The results for the adaptive IIR-LMS output-error

algorithm are not sho_. This is b_-_use the adap-

tive filter was not stable for any combination of filter
paraaneters. Recall that the stabili D of IlR filters is

not gtmranteed. Further study is required to better

understand the failure of this algorithm.

The IlR-RLS equation-error results are zhogqn in

Figure 14c and 14d. The maximum filter order that
could be run in real-time was of 14th-order. The
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